I. INTRODUCTION N disk-drive read-channel systems, lowpass filters with I the passband frequency up to 50 MHz are required. In this specific application, continuous-time technique has been proposed and widely used to implement the required filters [l] - [S] . In many very high frequency (VHF) filtering applications, continuous-time filters rather than sampled-data filters are also preferred. Thus many efforts have been contributed to develop continuous-time VHF filters including both current-mode and voltage-mode filters [5], t61, [81, t 121, t 191-t2 11. In the construction of continuous-time current-mode filters, current integrators derived from the switched-current (SI) can be operated in the VHF range in current CMOS technologies.
To form a biquadratic lowpass filter, two current integrators or G,-C voltage integrators as well as some constant-gain stages are connected together in a feedback structure. For certain filter specifications, a high quality factor is needed [17]-[18] . A design method which uses multiple-output nonlinearized operational transconductance amplifiers (OTA's) as building blocks has been developed for the implementation of high Q and high-frequency second-order filters [ 181. The second-order filters can be cascaded to form high-order filters. Recently, a new design method which uses the transresistance-C(R,-C) differentiator as the second-order bandpass filter and the basic building block of high-order filters has also been developed and successfully applied to the realization of VHF bandpass filters with center frequencies up to 100
In this paper, simple unity-gain current and voltage amplifiers constructed by G, and R, amplifier stages are proposed and analyzed. Considering the device capacitances of the MOS transistors as filter elements, both unity-gain current and voltage amplifiers can be used directly to realize current-mode and voltage-mode lowpass tunable biquadratic filters, respectively. The biquads can be further used to build high-order filters. Moreover, a new circuit called the Q-enhancement is proposed. Applying the circuit to lowpass current biquads, the maximum-gain frequency fM and the maximum-gain quality factor QM can be enhanced efficiently.
In realizing biquadratic or high-order lowpass VHF filters, the proposed circuits have the advantages of compact structure and easy design. The proposed Q-enhancement circuit has the advantage of efficient increase of the quality factor Q. It also makes the controlling voltage ( Vcq) of the quality factor separated from the controlling voltage (Vcn = -Vcp) of the center-frequency wo for easy tuning, although extra power dissipation and chip area are required for the Q-enhancement circuit. Moreover, the tuning of the proposed Q-enhancement circuit can be easily achieved with good stability by a controlling gate voltage.
MHz [19] - [21] .
0018-9200/96$05.00 0 1996 IEEE In Section 11, the circuit structures of the wideband finite-gain current and voltage amplifiers are proposed and analyzed. In Section 111, VHF current and voltage biquadratic lowpass filters design based on the unity-gain amplifiers are described. The special Q-enhancement circuit used to increase both f M and QM of the VHF lowpass biquad is proposed and analyzed. High-order filter design with the biquads as basic building blocks is also demonstrated. The experimental results are presented and discussed in Section V. In Section V, conclusions are given. Fig. 1 shows the proposed linear wideband current amplifier. In the circuit of Fig. 1 , a symmetric push-pull common-gate amplifier is formed by the transistors MP2, MN1. MP1, and MN2 to perform a simple I to I/ conversion and offer a low input impedance to the current amplifier. Basically, this stage can be treated as a transresistance (R,) amplifier whose outputs are connected to the gates of MOSFET's in the next stage. In the second stage, the transistors MPR, MNR, MP3, MN3, MP5, and MN5 form a pair of tunable G,n amplifiers. The triode-operated transistors MPR and MNR serve as the tunable resistors to make the G, values of the transconductance amplifiers tunable. The left G, amplifier formed by MP3 and MN3 is connected as a shunt-shunt feedback to the open-loop R , amplifier to achieve lower input impedance, lower output impedance, and wider amplifier bandwidth. Thus, the performance of the close-loop R, amplifier can be enhanced. The right G,n amplifier receives the voltage signal from the input R, amplifier and converts it into the output current.
WIDEBAND AMPLIFIERS DESIGN
Due to the symmetric push-pull structure of the input R, amplifier, the small-signal voltages at nodes 1 and 3 are nearly equal. Thus they can be merged into one node in the small-signal equivalent circuit. Similarly, the nodes 4 and 5 can be merged together. The resultant small-signal equivalent circuit of the current amplifier is shown in Fig. 2 From Fig. 2 , the gain, input resistance, and output resistance of the current amplifier in Fig. 1 where Gm3 and G,, are given in (2) and ( 3 ) , respectively. As may be seen in (4), the current gain of the current amplifier depends upon the G, ratio of the two GI, amplifiers. Thus the current gain may be unity or finite value, depending upon the transistor geometric ratio of the two G, amplifiers. According to the HSPICE simulation results, the values of rln and rout in the designed current amplifier are 7.42 ohm and 5.75k ohm, respectively.
As shown in Fig. 1 , the two triode-operated MOS-FET's MPR and MNR are connected between the power supplies and the source nodes of the transistors in both G,, amplifiers. They act as common tunable resistors for the two G, amplifiers. Their resistances can be adjusted by simply changing the control gate voltages V,, and V(:p. These tunable source series resistances change the gatesource voltages of the MOS transistors and thus change the G, values of the G, amplifiers. If the dimensions of MN5 (MP5) and MN3 (MP3) are the same, the current gain almost remains unity independent of the tuning.
The circuit diagram and the block diagram of the proposed linear wideband voltage amplifier are shown in Fig.  3 (a) and (b), respectively. In this voltage amplifier, the input voltage signal is converted to the current signal through the G, amplifier and then the current signal is converted to the voltage signal through the close-loop R, amplifier. The input tunable G, amplifier has a CMOS inverter structure with the triode-operated MOSFET's MPR and MNR controlled by the voltages Vcp and V,,, respectively. The close-loop R, amplifier has a complementary source follower to reduce the output resistance. It also has a feedback tunable G, amplifier connected from the source follower output to the input of the close-loop RI,, amplifier so that the output resistance can be further decreased.
The small-signal equivalent circuit of the voltage amplifier in Fig. 3 is shown in Fig. 4 . Assuming g, >> gd for all transistors, the voltage gain and the output resistance of the voltage amplifiers can be derived similarly as those of the current amplifier. They can be expressed as
The voltage amplifier has an infinite input resistance. The HSPICE simulated value of rout of the voltage amplifier is as low as 2.84 ohm.
VHF BIQUAD AND HIGH-ORDER LOWPAS FILTER DESIGN

A . VHF Current Biquadratic Filter
To analyze the high-frequency behavior of the current amplifier, the small-signal equivalent circuit of Fig. 2 with device capacitances is used. Assuming g, >> gd for all transistors and neglecting of higher-order non-dominant terms, the transfer function can be expressed as
Apparently, the transfer function expressed in (9) is the form of current lowpass biquad with the center frequency coo and the quality factor Q expressed as
The maximum-gain frequency f M denotes the frequency at which Iff( j27rf) I has a peak and the maximum-gain quality factor Q M denotes the gain at f M . Both fM and Q M are defined by the formulas
It is seen from (14) and (15) that the center frequency wo and the quality factor Q can be tuned by adjusting the control voltages V,, and V,,, to change Gm3. Since G,,* is also simultaneously tuned as described in Section 11, the gain of the current filter, which is equal to Gms/Gm3 from (12) and (13), remains almost unchanged during the tuning.
In the small-signal equivalent circuit of Fig. 2 , there exist parasitic zeros which are usually very far away from fM so that they can be neglected in deriving (9). According to the HSPICE simulation results on the current biquad of Fig. 1 with V,, = -Vcp = 2.5 V and without any extemal capacitor, the maximum-gain frequency f ' is as high as 225 MHz and the nearest LHP zero is 14.6 GHz which is about 70 times larger thanf,. However, to generate a farther LHP zero from f M even under worst-case process variations or operation temperature, three external linear capacitors denoted as Cfixed may be added to the nodes of 1, 2, and 3 of the current biquad of Fig. 1 . This decreases f M and keeps the nearest LHP zero about 100 times larger thanfM. Since the value of Cfixcd is not critical, it can be realized by a simple MOS device.
With V,, = -Vcp = 2.5 V and Chxed = 0.5 pF at the nodes 1, 2, and 3 of Fig. 1 Since C2 >> C4, C3 >> C5, and Grm3 E gm3, (14) and (15) (21) where + ? C p n < w P l -t wNl)ws + Cpn(wP3 + wN3)wd- (24) In the above formulas, Cp, is the source-bulk (drain-bulk) junction capacitance which is dependent upon junction bias voltage. W, is the typical distance between junction edge and poly gate edge. Further expressing gml and g,, as functions of device currents and dimensions, (21) and (22) where p N ( p P ) is the surface mobility. If the channel lengths of the MOS transistors are fixed and the device parameters, the biasing currents 11 and 13, and the desired center frequency f o and quality factor Q are given, the channel widths W P 3 , W N 3 , WPl , and WNl can be calculated from (25) and (26).
B. VHF Voltage Filter
To analyze the high-frequency behavior of the voltage amplifier in Fig. 3 , the small-signal analysis of the voltage amplifier including device capacitances is performed by using the small-signal equivalent circuit in Fig. 4 . Assuming.gm >> gd for all transistors and neglecting of higher-order nondominant terms, the transfer function can be expressed as (27) , shown at the bottom of the page.
From (27), it is seen that the transfer function is the form of voltage lowpass biquad with the pole frequency wo and the pole quality factor Q expressed as
The tuning method of w o and Q is the same as that of the current-mode lowpass biquad.
With V,, = -Vcp = 2.5 V, the HSPICE simulated maximum-gain frequency fM (center frequency fo) and maximum-gain quality factor QM (pole quality factor Q) are 149.5 MHz (197.7 MHz) and 1.18 (1.044), respec- s2 + 1.189 x 109s + 1.543 X 10l8'
As can be seen from (14) and (15), if the capacitance of C2 at the node 1 or node 3 is reduced, the center frequency f o and the quality factor Q can be increased. If the reduction quantity can be adjusted, fo and Q can be tuned.
Here a new circuit is proposed to reduce C2 and enhance the Q value.
If a capacitor CM is connected across the input and the output of a voltage amplifier with the voltage gain A,, as shown in Fig. 5 , the equivalent capacitance seen from the input node of the amplifier is CM (1 -A(,) , known as the Miller Effect. If the voltage gain of the amplifier is positive and larger than one, the effective input capacitance seen from the amplifier input node is negative, which can reduce the overall capacitance at the input node.
Based upon the above circuit concept, the node capacitance C2 at the node l(3) can be reduced by connecting the input of a positive-gain wideband voltage amplifier to the node l(3) and keeping its output floating. The Miller capacitor CM is connected between the node l(3) and the floating output node. The positive voltage gain of the amplifier can be adjusted to tune& and Q.
The proposed positive-gain wideband voltage amplifier is shown in Fig. 6 . The amplifier is constructed by cascading two NMOS common-source amplifiers. In the first When the control voltage Vc4 changes from 0 Volt to 2.5 Volt and the Miller capacitance CM = 1.5 pF, the HSPICE simulated maximum-gain frequency f M (center frequency fo) changes from 144 MHz (166.2 MHz) to 205.6 MHz (207 MHz) whereas the maximum-gain quality factor QM (pole quality factor Q,,) from 1.44 (1.429) to 14.2 (14.1). With suitable transistor geometric ratio of the voltage amplifiers in the Q-enhancement circuits, the gain of the amplifiers can be as high as 1.87 and the -3 dB frequency as high as 1.3 GHz under 218 mW power dissipation. Thus, the maximum-gain quality factor QM of the current filter with Q enhancement can be as high as 145.54. If the gain of the amplifier is increased further, the effect of the Q-enhancement circuit will overcompensate the node capacitances. In this case, the RHP poles will be generated and the system will be unstable. However, suitable choosing CM can avoid the unstability. Fig.  7 shows the HSPICE simulation results of the maximumgain frequency fM and the maximum-gain quality factor QM of the current filter with Q enhancement versus the power dissipation of the Q-enhancement circuits. Note that both Vc4 and V,, (V,,) can be used to iteratively tune f M and QM of the filter so that the desired values can be reached. 
D. High-Order Filter Design
Since the ratio of routlr,, is large (small) enough, the proposed current (voltage) biquads can be cascaded directly to form the high-order current (Voltage) filters. As a demonstrative example, a fourth-order Chebyshev current lowpass filter is designed by using the proposed VHF current biquadratic lowpass filter as the basic building block. Here, the current filter with Q enhaincement is used as the basic block since this kind of filter is controlled by the two independent tuning control voltages Vc4 and V,, (V,) . Thus, the desired values of f o and Q can be reached by iterative tuning.
The fourth-order Chebyshev lowpass filter has 0.5 dB ripple in the passband and a cut-off frequency 190 MHz. From the filter handbook, the transfer function of the fourth order lowpass Chebyshev filter is 1.063563~: 
This biquad is used to implement the transfer function Hcf2(s).
Finally, these two lowpass biquads are cascaded directly and then the fourth-order Chebyshev lowpass filter with the cut-off frequency 190 MHz is designed. The HSPICE simulated frequency response of the fourthorder Chebyshev lowpass filter is shown in Fig. 8(a) where the passband frequency response is separately shown in Fig. 8(b) .
IV. EXPERIMENTAL RESULTS The proposed lowpass current and voltage biquads have been designed and fabricated in 0.8 pm N-well doublepoly-double-metal CMOS technology. Suitable layout techniques have been used to reduce the extra circuit parasitics. Also some extra on-chip circuits have been added to ease the measurement of the fabricated filters in the VHF range. The on-chip measurement circuit schemes of the fabricated voltage-mode lowpass filters are shown in Fig. 9 . Here, a CMOS wide-band gain stage serving as an output buffer for the VHF filters is used to decrease the loading effect of the parasitic capacitances at the output pad. Besides, the on-chip reference path with a single output buffer is designed. Thus its frequency response can be measured for the compensation of the measured frequency response of the filters and the buffer so that the real filter response can be obtained. After compensating the response of the reference path, the measured frequency response of the VHF voltage lowpass biquad is shown in The measured total passband noise is about 123 uVrms. Therefore, the dynamic range is about 50 dB. The power consumption of the VHF voltage lowpass filter, not including the output buffer is about 20 mW for k 2 . 5 V power supply. Table I The on-chip measurement circuit schernes of the fabricated current-mode lowpass biquad are shown in Fig.  12 . The voltage lowpass filter in Fig. 3(b) is used as the interface circuit to measure the fabricateld VHF current filter. The voltage lowpass filter circuit can be separated into two parts. The first part is the G, amplifier, and the second one is the close-loop R, amplifier. The input voltage signal is converted to the current siginal through the G, amplifier and flows into the current filter. The filter output current is then converted to voltage signal by the close-loop F: , amplifier and the voltage signal is sent to the output pad through a CMOS voltage bluffer.
Moreover, the on-chip reference interface circuit path constructed by voltage lowpass filter and voltage buffer is used to compensate the measured frequency response of the current filter and the interface circuits. After compensating the response of the reference path, the measured frequency response of the VHF current lowpass biquad is shown in Fig. 13 . For CL = 1.4 pF and V,, = -Vcp = 2.5 V, the measured maximum-gain frequency f M is about 147.8 MHz and the maximum-gain quality factor Q M is 1.49. As compared with the HSPICE simulation results Fig. 15 shows the total harmonic distortion measurement (1 % THD) of the VI-IF current lowpass filter atid the on-chip measurement circuit of Fig. 12 In Fig. 15 , the measured maximum output voltage swing for 1 % THD is 35.4 mVrms. Since the total transresistance of the close-loop R, amplifier and the CMOS voltage buffer is about 384.8 ohm, the equivalent maximum output current signal of the biquad withf,,, = 147.8 MHz is about 92 uArms. The distortion is partially generated by the output common-source amplifier whose linearity is not inherently high. Fig. 16 shows the noise characteristics of the fabricated VHF current lowpass biquad and the on-chip measurement circuit of Fig. 12 . The total passband noise including that in the on-chip measurement circuit is about 347.8 nArms and the filter dynamic range should be larger than 48.5 dB. The power consumption of the VHF current lowpass biquad is about 21.8 mW for k 2 . 5 V power supply. The measured characteristics and the simulation results of the VHF current lowpass biquad filter are summarized in Table 11 . Using the same on-chip measurement circuit schemes for the current-mode lowpass biquad, the characteristics of the fabricated current biquad with the Q enhancement circuit can be measured. Q-enhancement circuits. The measured characteristics and the simulation results of the VHF current filter with Q enhancement are summarized in Table 111. V. CONCLUSIONS CMOS tunable VHF current-mode and voltage-mode lowpass biquadratic filters designed by using unity-gain or finite-gain amplifiers have been proposed, analyzed, and fabricated. Both experimental and sirnulation results of the VHF lowpass biquadratic filters have successfully verified the performance. A new Q-enhancement circuit consisting of a wideband tunable positive-gain voltage amplifier and a Miller capacitor is also proposed to enhance both maximum-gain quality factor Q,, and maximum-gain frequency f M of the filters. Experimental results have been slhown that the fabricated lowp,ass biquad with the Q-enhancement circuit has a highfM around 185 MHz and a Q M near 18. A fourth-order Chebyshev current-mode lowpass filter has been successfully desip,ned by cascading two current-mode biquads. Further research on other applications of the biquads will be conducted in the future.
